INTRODUCTION
Granulocyte-macrophage colony-stimulating factor (GM-CSF) is a cytokine that regulates growth and differentiation of various hematopoietic cells, including early hematopoietic progenitors (recent review by Arai et al., [1990] ). GM-CSF exhibits biological activities similar to those seen with interleukin (IL)-3 Watanabe et al., 1991) and both act in a speciesspecific manner between mouse and human (Lee et al., 1985; Yang et al., 1986 ). IL-3, which is produced mainly by activated T cells and mast cells, appears to be important for "inducible" hematopoiesis associated with immune and inflammatory reactions, whereas GM-CSF is produced by a wide variety of cells, including macrophages, endothelial cells, and fibroblasts in addition to activated T cells and mast cells and is likely to be involved in normal as well as "inducible" hematopoiesis .
Molecular cloning of the cytokine receptor cDNAs demonstrated that the high-affinity GM-CSF receptor (GMR) is composed of two subunits a and ,B, both of which are the members of the cytokine receptor family (see Miyajima et al., 1992 for a review). The # subunit required for the high-affinity binding of cytokines and is also essential for signal transduction. Thus, the shared receptor subunit with signaling function provides a molecular basis that would account for the overlapping biological activities between GM-CSF and IL-3 (Miyajima et al., 1992) . Although GM-CSF as well as IL-3 induce rapid tyrosine phosphorylation of several cytoplasmic proteins, including the X subunit (Isfort et al., 1988a,b; Kanakura et al., 1990) , neither tyrosine kinase activity nor the sequence homologous to tyrosine kinases has been found in the cytoplasmic regions of a and A subunits of GMR or IL-3R (Hayashida et al., 1990; Itoh et al., 1990; Kitamura et al., 1991; Hara and Miyajima, 1992 ). These observations suggest that an additional molecule(s) with tyrosine kinase activity is involved in the signal transduction pathway of GMR/ IL-3R, a notion consistent with the observation that GM-CSF or IL-3 activates several tyrosine kinases, including the src family tyrosine kinases (Torigoe et al., 1992; Hanazono et al., 1993) . These results also suggest that multiple or different kinases are activated, depending on the nature of cells types or functions. However, the correlation between GM-CSF function and activation of tyrosine kinase is unclear and the roles of tyrosine kinase(s) in signal transduction via GMR are not well understood. It is also not clear whether these tyrosine kinases interact directly with GMR in response to GM-CSF or indirectly through an unidentified component(s).
Protooncogenes c-fos, c-jun, and c-myc are members of the early response genes and are activated by various stimuli including IL-3, GM-CSF, and other growth factors (Greenberg and Ziff, 1984; Greenberg et al., 1985; Watanabe et al., 1993) . While c-fos and c-myc genes are involved in cell growth (Holt et al., 1986; Marcu et al., 1992) , the exact role of these proto-oncogenes in signal transduction of cytokine receptors remains elusive. We and other groups reported that the high-affinity human GMR (hGMR) reconstituted in a pro-B cell line BA/F3 cells or NIH3T3 fibroblasts by cotransfecting cDNAs for the a and A subunits transduces signals in response to human GM-CSF (hGM-CSF), i.e., activation of c-fos, c-jun, and c-myc proto-oncogenes and stimulation of DNA synthesis (Eder et al., 1993; Watanabe et al., 1993) . Although pattern of the expression of the src family kinases differs from that in hematopoietic cells, phosphorylation of proteins of almost the same size at tyrosine residues occurred with hGM-CSF stimulation in NIH3T3 cells expressing reconstituted hGMR (Watanabe et al., 1993) . All these findings suggested that the hGMR may be linked to signaling pathways present in fibroblasts and that the association of hGMR with factors specific to hematopoietic cell lineage is not essential to transduce growth promoting signals.
In earlier work, we generated a series of cytoplasmic deletion mutants of the A subunit of hGMR and found that the membrane proximal region is essential for proliferation and that the distal region is responsible for major tyrosine phosphorylation (Sakamaki et al., 1992) . Interestingly however, hGM-CSF-mediated proliferation through the mutant hGMR3 subunit, which failed to induce apparent tyrosine phosphorylation, remained herbimycin A (herbimycin)-sensitive (Sakamaki et al., 1992) . Thus, involvement of a herbimycin-sensitive tyrosine kinase in the essential signaling pathway may lead to cell proliferation. Here, we report evidence that GM-CSF induces multiple pathways for induction of early responsive genes: one pathway, which is essential for cell proliferation, involves c-myc mRNA induction and is sensitive to herbimycin and genistein and the other, required for induction of c-fos and c-jun mRNA, is insensitive to herbimycin and genistein. Institute) . Mouse IL-3 (mIL-3) produced by silkworm (Bombyx mori) was purified as described elsewhere (Miyajima et al., 1987) . Genistein was from Wako Pure Chemical Industries. Herbimycin and G418 were purchased from GIBCO Life Technologies (Grand Island, NY). Myelin basic protein (MBP), casein, N6,2'-O-dibutyryl-guanosine 3': 5'-cyclic monophosphate (dB2cAMP) and 12-0-tetradecanoyl-phorbol-13-acetate (PMA) were from Sigma Chemical (St. Louis, MO).
MATERIALS AND METHODS

Chemicals
Cell Lines and Culture Methods
A mIL-3-dependent proB cell line, BA/F3 (Palacios and Steinmetz, 1985) , were maintained in RPMI-1640 medium containing 8% FCS, 1 ng/ml mIL-3, 100 U/ml penicillin, and 100 ,ug/ml streptomycin.
A mouse NIH3T3 fibroblast line was maintained in DMEM containing 10% FCS, 100 U/ml penicillin, and 100 sg/ml streptomycin. Transfected BA/F3 cells or NIH3T3 expressing hGMR a and 1B chains were grown in the same type of media but supplemented with 500 ,ug/ml G418.
Plasmids and Genes
The c-fos promoter-luciferase gene fusion plasmid was constructed as described previously (Watanabe et al., 1993 (Watanabe et al., 1993) .
Northern Blot Analysis
Northern blot analysis was performed with total cellular RNA prepared using the guanidinium thiocyanate extraction method (Maniatis et al., Molecular Biology of the Cell 984 1982) as described (Watanabe et al., 1993 SDS, 10% glycerol, 0.05% ji-mercaptoethanol at final concentrations).
Kinase assay was performed after separation of proteins by SDSpolyacrylamide gel containing MBP (2 mg/ml) as a substrate, according to the method described by Gotoh et al. (1990) . CKII was assayed in the same manner using buffer containing 40 mM Tris, pH 8.0, 50 mM NaCl, 20 mM KCl, 10 mM MgCl2, 0.1 mM ethylene glycol-bis(13-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA), 2 mM dithiothreitol (DTT), and casein (2 mg/ml) as a substrate.
Nuclear Extract Preparation
BA/F3 cells expressing various truncated i3 chain mutants and wild type a chain (5 X 106) were stimulated with hGM-CSF or mIL-3.
After incubation for the indicated time, the cells were collected by centrifugation, washed with cold PBS, resuspended in 0.4 ml of lysis buffer (10 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid [HEPES] , pH 7.9, 10 mM KCl, 2 mM MgCl2, 1 mM DTT, 0.1 mM EDTA, pH 8.0, 0.1 mM phenylmethylsulfonyl fluoride [PMSF] ) and incubated on ice for 15 min. Twenty-five microliters of 10% NP-40 was then added in the lysates and the preparation mixed vigorously by vortexing for 15 s. The lysates were centrifuged for 30 s at 14 000 rpm, and the precipitates were resuspended in 50 Ail of extraction buffer (50 mM HEPES, pH 7.9, 50 mM KCI, 300 mM NaCl, 0.1 mM EDTA, pH 8.0, 0.1 mM PMSF, 1 mM DTT, 10% glycerol) and incubated for 20 min on ice with gently mixing every 5 min. Debris were removed by centrifugation for 5 min at 14 000 rpm, and the supernatants were stored at -80°C. Protein concentrations were detennined by the Bio-Rad dye-binding assay (Richmond, CA), according to the manufacturer's instructions.
Electrophoretic Mobility Shift Assay (Gel Retardation Analysis)
Gel retardation analyses were performed with nuclear extracts prepared from BA/F3 cells, according to the method described above. Oligonucleotide of the AP-1 within the c-jun promoter (5'CGCTTGATGAGTCAGCCGGAA3') was chemically synthesized and purified by Sephadex G-50 nick columns (Pharmacia, Upsala, Sweden) after labeling with [a-32P]dGTP. The extracts containing 5 ,ug protein were incubated with a labeled probe for 15 min at room temperature in a total volume of 15 ,l containing 10 mM Tris, pH 7.5, 50 mM KCl, 1 mM DTT, 1 mM EDTA, pH 8.0, 12.5% glycerol, 0.1% Triton X-100, 5 jig of bovine serum albumin, and 2.5 gg of poly dIdC as a nonspecific competitor. For competition experiments, nonlabeled competitor DNA was incubated on ice with the extract for 15 min, before addition of the probe. The DNA-protein complexes were electrophoresed with a 4% polyacrylamide gel in 6.7 mM Tris, pH 7.5, 3.3 mM sodium acetate, and 1 mM EDTA, pH 8.0, and then gel was then transferred to Whatman 3MM (Minneapolis, MN) paper, dried, and analyzed by Fuji image analyzer (model BAS-2000) .
RESULTS
Effects of Protein Tyrosine Kinase Inhibitors on
Induction of c-fos and c-myc mRNAs To examine the possible contribution of tyrosine kinases to GM-CSF-mediated signal transduction, we made use of the protein tyrosine kinase inhibitors, herbimycin and genistein. Herbimycin inhibits src-related kinases (Uehara et al., 1989) and genistein inhibits tyrosine kinases including the EGF receptor, pp6O-v-src and ppllOgag-fes (Badwey et al., 1991) . We first analyzed the effects of herbimycin or genistein on GM-CSF-mediated c-fos, c-jun, and c-myc induction using Northern blot analysis of BA/F3 cells expressing hGMR a and p chain (I3AF/a13) cells. BAF/af3 cells depleted of factor were stimulated with either mIL-3 or hGM-CSF in the presence of these inhibitors. Expression of the endogenous c-fos mRNA induced by either mIL-3 or hGM-CSF was only slightly inhibited by herbimycin, whereas the endogenous c-myc transcript was almost completely abolished ( Figure 1) Figure 2 . Effects of genistein and herbimycin on c-fos-luciferase activity induced by hGM-CSF. BAF/a13 cells transfected with c-fos-luciferase plasmid were transfected to and stimulated by either mIL-3 (10 ng/ml, L) or hGM-CSF (10 ng/ml, El) after 5 h of factor depletion. After a 5-h incubation, the cells were harvested and luciferase activity was analyzed by luminometer as described in MATERIALS AND METHODS. Luciferase activity (light units per ,ug of total protein) is an average of triplicate samples. *, luciferase activity of the nonstimulated control sample. (Sakamaki et al., 1992) . As shown in Figure 4 , BA/ F544 was fully functional, whereas BA/F517 showed partial (16% of BA/F544) activity and BA/F455 is completely inactive. These findings suggest that the region between positions 455 and 517 is essential for DNA synthesis and the region between positions 517 and 544 is not essential but necessary for full activation. We further analyzed regions of the ,B chain required for activation of early response genes by Northern blot analysis with BA/F3 cells expressing various : chain mutant ( Figure 5 ). BA/F3 cells expressing hGMRa/,3 induced c-fos, c-jun, and c-myc mRNA in response to either mIL-3 or hGM-CSF (Watanabe et al., 1993) . Cells stably transfected with the normal hGMR a subunit and a series of the a deletion mutants were factor-depleted and stimulated with either mIL-3 or hGM-CSF. As shown in Figure 5, Figure 1. cific manner, we examined the effects of this inhibitor on the activation of c-fos-luciferase in response to various stimuli in NIH3T3 cells. As shown in Figure 8 , EGF, dB2cAMP, or PMA activated c-fos promoter in NIH3T3 cells. Enhancement of the c-fos promoter activity by genistein was not specific to hGM-CSF. Genistein augmented two-to threefold the c-fos-luciferase activity induced by EGF, dB2cAMP, or PMA. In contrast, herbimycin suppressed EGF-induced but not dBcAMP-or PMA-induced c-fos-luciferase activity. Therefore, the action of genistein is not restricted to signaling events induced by hGM-CSF. Effects of Genistein on MAPK and CKII Activities To examine events related to the augmentation of c-fos mRNA induction by genistein, we searched for the pos- sible involvement of several kinases with activities that may control expression of the c-fos gene. MAPK is known to be activated by various growth factors including mIL-3 (Welham et al., 1992) . CKII positively regulates transcription of the c-fos gene through phosphorylation of serum response factor (SRF) (Manak et al., 1990; Marais et al., 1992 whereas it only partially suppressed the levels of c-fos and c-jun mRNAs induced by hGM-CSF, indicating that the lack of sensitivity of c-fos mRNA induction to herbimycin is unique to GM-CSF and is not restricted to hematopoietic cells. Deletion mapping of the : subunit revealed that the region required for activation of c-fos and c-jun genes is separable from the region essential for induction of c-myc mRNA and corresponds to the region required for the formation of the functional AP-1 complex. Thus, complete suppression by tyrosine kinase inhibitors of both cell proliferation and of c-myc mRNA accumulation induced by hGM-CSF is consistent with the deletion analysis of the A subunit. However, hGMR, which consists of wild type a chain and mutant A chain carrying deletion at amino acid positions 455-517, did not induce c-fos-luciferase activity in-both BA/ F3 and NIH3T3 cells, suggesting that the region covering positions 626-763 is essential but is not sufficient to induce c-fos mRNA. They also suggest that domains for c-fos and c-myc gene activation are not completely independent. However, we could not exclude the possibility that this internal deletion disrupted the overall structure of the ( chain. Studies are ongoing to elucidate the requirement of membrane proximal region using a series of mutants having point mutation within this region. GM-CSF induces c-myc mRNA and cell proliferation through the-1517, 13546, and 13626 mutant receptors, even though it failed to induce c-fos mRNA and AP-1 complex formation under the condition of cultures we used. These findings differ from the report of a close correlation between the induction of the c-fos mRNA and proliferation (Holt et al., 1986) . As the standard culture medium for BA/F3 cells contains 10% FCS, it is possible that components in the serum induce signals that complement the requirement for c-fos mRNA induction.
Our findings that c-fos and c-myc mRNAs are induced through different regions of the GMR13 chain are similar to the results described for the IL-2R# chain (Hatakeyama et al., 1989 (Hatakeyama et al., , 1992 . However, in the IL-2R system, tyrosine kinase, which interacts with the acidic region of the IL-2R# chain, may be required to induce c-fos and c-jun mRNAs (Minami et al., 1993) . In the hGMR system, it may be that tyrosine kinase is not essential for activation of these genes. Alternatively, tyrosine kinase(s), which is herbimycin-or genistein-insensitive may be involved in the activation of c-fos/c-jun genes.
It has been suggested that Ras protein-stimulated c-fos gene expression at the level of transcription (Schoenthal et al., 1988) . In BA/F3 cells, mIL-3 induces a rapid conversion of Ras protein from GDP-bound form to GTPbound form, a process that is inhibited by herbimycin (Satoh et al., 1992 (Shyu et al., 1989) , and the other recognizes a destabilizing element(s) present in the protein-coding region (Chen et al., 1992) . Further analyses using a c-fos-luciferase plasmid showed that the response to genistein is mediated through the 5'-flanking region of c-fos promoter, thereby indicating that these degradation mechanisms of c-fos mRNA are not involved.
The c-fos protein itself can repress the level of c-fos mRNA and serum responsive element (SRE) site of the c-fos promoter appears to be involved in this phenomenon (Lucibello et al., 1989) . This transrepression is regulated by altering the phosphorylation state of the carboxy terminal region of the c-fos protein (Ofir et al., 1990) . It is tempting to speculate that genistein, by inhibiting the phosphorylation of c-fos protein, eliminates this repression. Kinetic analysis revealed that the rates of induction and disappearance of c-fos mRNA is unaffected by genistein. Mouse EC cell line P19 produces very low levels of endogenous c-fos protein.
Genistein also augmented the c-fos-luciferase activity in this line expressing hGMRa and -3 chains in response to hGM-CSF. In addition, gel retardation assays using SRE oligonucleotides showed no detectable change of SRE complex formation in response to either GM-CSF or IL-3 regardless of the presence or absence of genistein. These results suggest that genistein does not appreciably affect the suppression of c-fos mRNA induction and that the action of genistein does not appear to involve the release from autosuppression by c-fos protein.
To search for the possible target(s) of genistein, we examined the possibility that genistein, which has broad targets (Huang et al., 1992) , may affect kinase(s) other than tyrosine kinase(s). The close relationship between MAPK and c-fos mRNA induction has been deduced from observations that MAPK stimulates phosphorylation of a positive transcription factor for the c-fos promoter (Gille et al., 1992) . However, genistein did not significantly affect MAPK activity in response to various stimuli, including GM-CSF, thereby suggesting that genistein exerts its action either downstream or independent of MAPK. A positive regulation of the c-fos promoter activity by CKII has been suggested (Manak et al., 1990; Marais et al., 1992) , but our results suggested that CKII was not the target of genistein. While more work is necessary to elucidate the mechanism by which genistein enhances the level of c-fos mRNA, the findings described in this paper that distinct regions of GMR# chain are involved in the regulation of c-fos and c-myc mRNAs which show different response to tyrosine kinase inhibitors will pave the way toward elucidation of signal transduction events downstream of GMR.
